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ABSTRACT

This paper assesses the effect of long-term contrasting tillage practices on topsoil structural characteristics critical for nitrous
oxide (N,0) emissions and carbon sequestration across a pedoclimatic gradient. The hypotheses tested are that: (i) aeration is
greater in the topsoil of ploughed (to 0.20-0.30m depth) than in no-till soils and (ii) the effect of tillage practice on soil func-
tionality depends on the context, and thus varies between sites with different pedoclimatic conditions. We evaluated the topsoil
characteristics of seven long-term tillage experiments, spread along a 2600-km transect in Europe. A total of 576 soil cores (100-
cm?) were sampled from 0 to 0.10 and 0.10 to 0.20 m depths in mouldboard-ploughed and no-tillage treatments after harvest. The
soil water content at —30, —60, and —100hPa matric potential was measured as well as air permeability (k,) and relative gas dif-
fusivity (D/D ) at =100 hPa, from which soil bulk and gas transport characteristics were derived. Despite large variations in the
characteristics among sites, tillage did significantly affect the characteristics across sites. The degree of compactness was less and
total pore volume was greater in the ploughed than in the no-till treatments. Still, thresholds indicating suitable conditions for
root growth were largely met under both practices. The ploughed soils showed vertical stratification, with a better aeration of
the 0-0.10m soil layer compared to the 0.10-0.20 m layer. No differences were observed between the ploughed 0.10-0.20m and
no-till layers, which were attributed to soil settlement after ploughing. While the D /D, at 0.10~0.20m depth was favourable for
promoting N,O emissions, the water-filled pore space was below suggested thresholds. Impacts of tillage on soil structural and
functional characteristics were both significant and generalisable but also deviated locally. For example, D /D, and k, generally
increased with the air-filled pore volume (¢ ), yet sites with greater ¢, did not necessarily have higher D /D, and k,. Existing mod-
els explaining D/D, and k, with ¢, were fitted to the measured data and performed best when both depths and tillage practices
were assessed altogether. Despite the limited differences at —100hPa, anoxic conditions may in reality prevail for a longer period
under no-till than ploughing.
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Summary

Effect of ploughing and no-till on topsoil structure
characterised across 7 European long-term field
experiments

Differences among sites were larger than between till-
age practices or soil depths at a given site

Still, the impacts of ploughing or no-tillage on soil
structure were significant and generalisable.

The ploughed 0-0.10m layer was most aerated and
with the smallest risk of anoxic soil processes.

1 | Introduction

The drive for a more sustainable management of agricultural
soils requires an improved understanding of the impact of
tillage strategies on soil structure, specifically in relation to
trade-offs and synergies with carbon (C) sequestration and
nitrous oxide (N,O) emissions. Conservation tillage avoids
adverse effects of ploughing, such as the disruption of bio-
pores and fungal and microbial networks (Lucas et al. 2019;
Or et al. 2021) while improving a number of soil properties,
such as aggregate stability, pore connectivity, and hydrau-
lic conductivity (Blanco-Canqui and Ruis 2018; Hill 1990;
Vogeler et al. 2009). However, concerns have been raised
about elevated N,O emissions and nutrient losses under re-
duced tillage (Maenhout et al. 2024; O'Neill et al. 2020; Six
et al. 2004; van Kessel et al. 2013; Wardak et al. 2022) due to
increased soil compactness, greater accumulation of organic
matter in the upper soil layers, and an increased diversity and
abundance of fungal denitrifiers (Bosch et al. 2022; Gomez-
Muiioz et al. 2021; Meurer et al. 2018; van Ouwekerk and
Boone 1970).

Global meta-analyses indicate that the effect of tillage prac-
tices on greenhouse gas fluxes varies with climate, soil tex-
ture, time since implementation, and soil management (e.g.,
Huang et al. 2018; Maenhout et al. 2024; Rochette 2008;
Shakoor et al. 2021; van Kessel et al. 2013). Maenhout
et al. (2024) concluded, however, that existing research pro-
vides insufficient evidence to draw general conclusions on the
effect of tillage practices on synergies and trade-offs between
the C and nitrogen (N) cycles. The authors highlighted, for
example, the lack of information about the impact of pedocli-
matic constraints and the need for the evaluation of long-term
practices. Mondal and Chakraborty (2022) performed a meta-
analysis on the effect of tillage practices on soil aggregation
and the pore size distribution, showing that coarse-textured
soils are susceptible to decreasing macroporosity under no-till
practices, but long-term adaptation can alleviate the impact.
The impact of long-term tillage practices on soil functionality
specifically has been assessed locally and indicated greater
topsoil porosity and gas conductivity under ploughed than
under no-till practices (e.g., Abdollahi and Munkholm 2017;
Cooper et al. 2021; Martinez et al. 2016; Petersen et al. 2008;
Schliiter et al. 2018; Talukder et al. 2022). However, a com-
prehensive assessment across a pedoclimatic gradient is still
lacking.

Understanding the impact of tillage on soil structure is essen-
tial. For instance, soil structure drives root growth—and thus
plays an important role in C sequestration (Colombi et al. 2019;
Kitterer et al. 2011; Lucas et al. 2023), through facilitation and
restriction of penetration, soil-root contact, and aeration. The
soil's aeration status also determines the end-product of de-
composition of soil organic matter, with carbon dioxide (CO,)
and methane (CH,) being produced under oxic and anoxic con-
ditions, respectively. Nitrous oxide is produced under both oxic
and anoxic soil conditions as a by-product of nitrification and
an intermediate of denitrification, respectively (Butterbach-
Bahl et al. 2013; Hallin et al. 2018). Even so, in temperate
climates most soil N,O emissions result from denitrification
and are driven by a high soil water content (Bateman and
Baggs 2005; Elberling et al. 2023; O'Neill et al. 2020), rewet-
ting of dry soil (Harris et al. 2021), and freeze-thaw cycles
(Wagner-Riddle et al. 2017), provided sufficiently degradable
C and N (Bosch et al. 2022).

Several indicator thresholds have been suggested for char-
acterising (an)oxic soil conditions. Ample air space, for ex-
ample, 10%-15% (Grable and Siemer 1968; Wesseling and
van Wijk 1957) or roughly 10% of pores larger than 30 um
(Dexter 1988), is not necessarily sufficient to support oxic soil
processes because these bulk soil properties do not reflect con-
ditions at microscales, among which is the position of hotspots
created by particulate organic matter (Lucas et al. 2024).
Moreover, the transport of gases through soil requires advec-
tion and diffusion. Advection and diffusion are both affected
by soil pore connectivity, continuity, and tortuosity of the
soil structure, but in different ways (Arthur et al. 2012; Ball
et al. 1988; Martinez et al. 2016). Advection, expressed in
terms of air permeability (k,), is controlled by the larger pore
diameters, whereas diffusion, expressed in terms of relative
gas diffusivity (D/D,), is largely controlled by the air-filled
pore volume (¢,) and is, in principle, independent of pore size
(Kuncoro et al. 2014; Moldrup et al. 2000). Soil water indica-
tors such as the water-filled pore space (WFPS) are also used,
particularly in relation to denitrification and respiration (e.g.,
Badagliacca et al. 2018; Cosentino et al. 2013; Fernandez-
Ortega et al. 2023; O'Neill et al. 2020), but WFPS may not ex-
press changes in soil aeration accurately (Balaine et al. 2016;
Pulido-Moncada et al. 2022).

The main aim of this study is to evaluate the impact of long-
term (>12years), contrasting tillage practices on soil struc-
tural characteristics of the upper soil layer (0-0.20m depth)
using seven long-term field experiments from across Europe,
covering sites with differences in pedoclimatic conditions. The
objectives of this study were to: (1) Assess the overall impact of
tillage practices and geographic location on soil bulk and gas
transport characteristics of the topsoil across a pedoclimatic
gradient; (2) Assess the performance of established models
of soil gas transport characteristics across locations, tillage
practices, and soil depths; and (3) Evaluate the consequences
for soil functioning specifically considering the risks for N,O
emissions. The hypotheses of this study are that: (i) aeration is
greater in the topsoil of ploughed soils than in no-till soils, and
(ii) the effect of tillage practice on soil functionality depends
on the context, and thus varies between sites with different
pedoclimatic conditions.
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2 | Materials and Methods

A range of soil structural characteristics was assessed for dif-
ferent tillage practices in seven long-term agricultural field
experiments spread along a pedoclimatic gradient in Europe
(Section 2.1). The measurements (Section 2.2) were done in the
laboratory at Aarhus University, Viborg (Denmark) on min-
imally disturbed soil samples. The sampling campaign took
place after harvest, prior to any consecutive field operations, in
the second half of 2021.

2.1 | Experimental Sites and Treatments

The seven long-term tillage experiments considered in this
study were spread along a pedoclimatic gradient across Europe
(Figure S1), with sites in Sweden (SE, Camobisol), Lithuania
(LT, Cambisol), Denmark (DK, Umbrisol), the Netherlands (NL,
Cambisol), Switzerland (CH, Cambisol), France (FR, Luvisol)
and Spain (ES, Cambisol). At the time of sampling, the tillage
experiments had been running for 12-51years (Table 1). Each
experimental site (hereafter referred to as location) included
four blocks, in which the following experimental treatments
were practised: annual mouldboard ploughing to 0.20-0.30m
depth, reduced-till, and no-till with direct seeding. In this study,
the two contrasting treatments, no-till and ploughed, were con-
sidered, while the reduced-till was excluded because of the vary-
ing tillage intensity (ranging from superficial tillage to chisel
ploughing to 0.20m depth (Sdnchez-Moreno et al. 2024)). The
Dutch no-till treatment was cultivated with vibrating tines to
0.012-0.015m depth as part of seedbed preparation. The mea-
sured data of the reduced-till treatment is available online (ten
Damme et al. 2024).

The crop prior to soil sampling in 2021 was grain maize (Zea
mays) at the Swiss site (Trial P_29C), winter barley (Hordeum
vulgare) at the Dutch site (BASIS-CONV), and winter wheat
(Triticum aestivum) at the remaining locations. Further details
on the crop rotation can be found in the Supporting Material of
this study and in Sdnchez-Moreno et al. (2024). The ploughed
treatment of the Swiss site was last ploughed in April 2021 and
those at the other sites in autumn 2020. Cover crops are part
of the rotations at the French site (Boigneville), the Danish site
(CENTS Foulum) when no winter crop is sown, and usually at
the Dutch site but not in the year prior to sampling. Crop resi-
dues were retained at all sites. The sites were rain-fed and sub-
jected to chemical weed control. The sampled plots at the Dutch
site were not fertilised, whereas the others received mineral
NPK-fertiliser at varying rates.

The sites' basic soil characterisation in terms of the particle
size distribution, soil organic matter (SOM) content, and dry
bulk density (p,) are reported in Table 2. The particle size dis-
tribution and soil organic matter content were derived from
disturbed composite soil samples (five subsamples per block,
treatment, and soil depth) following the sampling protocol by
Ferndndez-Ugalde et al. (2018). The particle size distribution
(ten Damme et al. 2024) was determined using the pipette
method (Gee and Bauder 2018). The soil organic matter con-
tent was assumed to be a factor of 2 of total organic carbon,
i.e., assuming that organic matter exists for 50% of carbon

(Pribyl 2010), with the total organic carbon (ten Damme
et al. 2024) measured by an Elemental LECO TruSpec CN el-
ement analyser (Leco Corp. MI, USA) in air-dried ground soil
samples after a 55°C acidic (HCI) treatment. The dry bulk den-
sity was calculated after oven-drying the minimally disturbed
soil samples (Section 2.2.2).

2.2 | Soil Structural Characterisation
2.21 | Soil Sampling

At each location, 10 minimally disturbed soil samples (100cm3
steel cylinders, 34mm high and 60mm inner diameter) were
taken in each block and treatment: five from 0 to 0.10m depth
and five from 0.10 to 0.20 m depth. Each set of five samples was
taken in a specific distribution, with a centre sample and four
samples taken at 1-2m distance (depending on plot size), at
90° intervals, around the centre sample, that is, following the
LUCAS sampling protocol of Ferndndez-Ugalde et al. (2018).
However, at the Danish site, the wheel tracks interfered with
this sampling design, and instead, samples were taken at two
ends of each plot. The Danish team sampled three samples along
a transect of approximately 1m in each end, totalling six per
depth per plot, to comply with other projects using the site.

The soil samples were stored at 2°C-4°C until transported to
laboratory facilities at Aarhus University Viborg, Denmark.
The soil samples were weighed for estimation of the soil water
content at the time of sampling before they were used in soil
structural characterisation as described below. The soil water
status at the time of sampling was close to —100 hPa matric po-
tential at the Dutch, Danish, and Lithuanian (Kédainiai) sites
and more negative for the remaining countries, with relatively
dry conditions at the Spanish (INIA-LTE-ROT) site (Figure S2).

2.2.2 | Laboratory Measurements

The soil cores were saturated on tension tables, then successively
drained to —30, —60, and —100 hPa matric potential. At each ma-
tric potential, the samples were weighed. At —100 hPa matric po-
tential, air permeability and gas diffusivity were measured. Air
permeability was measured in an apparatus designed and de-
scribed by Schjenning and Koppelgaard (2017). In short, the volu-
metric airflow rate through the soil sample is recorded at pressure
differences of 5, 2, 1, and 0.5hPa. The airflow at 5hPa yields the
apparent air permeability (k,_g, ., um?), while the airflow at an
infinitesimal pressure gradient, based on the Forchheimer poly-
nomial regression of the measured flow-pressure data, yields
the true or Darcian air permeability (k,, um?). Soils are typically
classified as ‘impermeable’ at 1 um? k , (Ball et al. 1988) or ‘slowly
permeable’ up to 20 um? k,, (Fish and Koppi 1994). Gas diffusiv-
ity was measured using the one-chamber, one-gas method as de-
scribed by Schjenning et al. (2013a). The measurements allow
calculations of the relative gas diffusivity (D,/D,, —) by relating
the gas diffusion coefficient in the soil (D, cm? s™) to the dif-
fusion of O, in air (D,: 0.205cm?s™). Critically low values of
D /D, for supporting aerobic microbial activity range from 0.005
to 0.020, with coarser soils requiring higher rates (Schjenning
et al. 2003; Stepniewski 1981). Afterwards, the soil samples were
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TABLE 2 | Basic soil characteristics of the sites, per depth and tillage treatment (arithmetic mean values +standard deviation, n=4).

Particle size distribution Ploughed No-till
Soil organic  Dry bulk Soil organic Dry bulk
Clay Sand (50- matter density matter density
Soil depth (<2pm) Silt 2-50pm) 2000 pwm) (SOM) (k) (SOM) (py)
(m) Site gloog! gl00g! Mgm—3 gl00g! Mgm™3
0-0.10 DK 6+1.5 26+3.7 68+2.8 49+1.1 1.20+0.08 5.2+0.6 1.26+0.12
LT 13+£2.7 34+3.2 53+1.3 2.6+0.2 1.50+0.08 2.6+0.2 1.55+0.04
NL 18+1.4 32+1.8 50+2.6 2.4+0.2 1.39+0.07 3.5+1.3 1.41+0.05
ES 22+3.8 38+2.5 40+4.6 1.5+0.1 1.42+0.16 21+£03 1.45+0.11
CH 22+4.0 52+2.6 26+2.1 3.4+0.7 1.37+0.10 4.2+0.4 1.30+0.08
SE 43+4.4 47134 10+1.2 2.2+0.7 1.15+0.06 6.3+1.2 1.08+0.07
FR 23+19 69+1.4 8§+£1.0 3.4+0.2 1.08+0.18 4.7+0.4 1.18+£0.11
0.10-0.20 DK 6+1.3 26+2.8 68+2.5 4.7+0.9 1.25+0.08 4.3+0.7 1.36+0.08
LT 12+2.0 33+1.9 54+1.8 24+0.2 1.61+0.11 19+0.9 1.63+0.04
NL 19+1.0 32+2.0 49+2.7 2.3+0.3 1.47+0.07 2.3+0.2 1.47+£0.10
ES 23+3.5 38+2.1 39+3.9 1.4+£0.2 1.42+0.11 1.4+0.1 1.44+0.10
CH 22+3.2 52+1.8 27+1.6 3.3+0.4 1.39+0.07 3.1+£0.2 1.40+0.12
SE 45+3.3 45+3.0 9+0.9 59+0.6 1.34+0.05 6.2+1.3 1.38+0.07
FR 24+1.1 68+1.2 8§+1.4 2.6+0.1 1.30+0.15 29+0.1 1.31+0.10
oven-dried at 105°C to obtain the dry mass, hence dry bulk den- (€a_ps100 Mm), >50pm (g, 50um) and >230um (g,_, 5 um)’ respec-

sity (p,, Mgm™).

2.2.3 | Calculations

Soil density is expressed as the degree of compactness (DC, %,
Equation 1), that is, as the dry bulk density as a percentage of
a reference density (o, Mgm™3, Hikansson 1990). The Pref Was
calculated from the soil particle distribution and soil organic mat-
ter content as suggested by (Keller and Hakansson 2010, equa-
tion 12). The total pore volume (g, m* m~3), volumetric soil water
content (6, m*m~), air-filled pore volume (¢, m* m~3) and water-
filled pore space (WFPS, %, Equation 2) were calculated for each
sample at each matric potential (i.e., at —30, —60 and —100hPa).
These calculations are based on estimates of the soil particle den-
sity (p » Mgm™3) for the combination of block, treatment, and soil
depth per site. The p, Was estimated using pedotransfer functions
established by (Schjenning et al. 2017, equations 10 and 11), that
is, based on the clay and soil organic matter contents.

DC = 100ﬂ )
Pret
91}
WEPS = > *100 @)

The ¢, at known matric potentials reflects the pore vol-
ume of pores with certain diameters, following the Young-
Laplace (Young 1805) equation. Consequently, ¢, at —30, —60,
and —100hPa is made up of pores with a diameter>100um

tively. Soil gas transport characteristics were calculated for the
soil cores equilibrated to —100 hPa matric potential. These charac-
teristics encompassed the ratio R (—), specific diffusivity (SD, —),
and the average effective pore diameter (d,, um) (Equations 3-5).
The ratio R assesses whether the effective air permeability follows
laminar flow conditions or turbulent air flow (Schjenning and
Koppelgaard 2017), with higher ratios indicating more turbulent
air flow (Schjenning 2019). The specific diffusivity has been in-
troduced as a measure of pore tortuosity (Gradwell 1961), with
lower values indicating increased tortuosity, decreased connec-
tivity, or a combination of both (Schjenning et al. 2013b). While
there are different parameters to assess pore tortuosity (e.g., Ball
et al. 1988), specific diffusivity is considered an unbiased evalua-
tion due to its empirical relation of directly measured variables.
The average effective pore diameter directly relates to gas trans-
port characteristics and reflects the average effective diameter of a
tortuous tube system (Ball 1981a).

k
ratio R = —4=3Pa 3
k,
sp=2/Pe @
ga
8k
deff = 2 a (S)
DS/DO

The relationship between D/D_ and ¢,_,,, was evaluated using
three models: the model suggested by Buckingham (1904) in
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which D/D_ simply follows a power function of ¢, (Equation 6),
the water-induced linear reduction (WLR) model as described by
Marshall (1959) (Equation 7) where o is the total pore volume, and
the macroporosity-dependent (MPD) model suggested by Moldrup
et al. (2000) (Equation 8), where a, b, and c are coefficients.

D,/D,=¢, 6)

e b
D,/D,= @)

(4]
D./Dy=asel +ceg, ®)

The relationships between k, and ¢, were evaluated following
the approach by Ball et al. (1988), that is, based on log-log scales.

2.2.4 | Statistical Analyses

The primary objective was to test for differences in terms of
tillage practice (ploughed and no-till), soil depth (0-0.10 and
0.10-0.20m) and their interaction. The location was added as a
main effect primarily to investigate if an effect of tillage, depth,
or their interaction differed between locations, but also to investi-
gate spatial differences. Block was added as a random effect to ac-
count for potential between-block variation. Thirty-one samples
out of 576 were excluded from the analyses based on the observa-
tions in the lab that these cylinders did not have the same sample
volume as the other cores. For these samples, dry bulk density
and ¢, and derivatives could not be accurately calculated. With
the remaining 576 samples, block averages were calculated per
site, tillage practice, and soil depth prior to statistical analyses.

Thesoilstructural characteristicswere fitted usingthelinear mixed-
effects model (Imer) from the R-package lme4 version 1.1-35.4
(Bates et al. 2015), response~Treatment X Depth x Site + (1/Block).
A contrast specification (sum-to-zero for tillage practice, soil depth
and site) was provided using the ‘contr.sum’ function for acquiring
the type 3 sums of squares. A logl0 transformation was applied
to k,, for which the response values were provided as geometric
means. The assumptions in terms of normal distribution of the re-
siduals and heteroscedasticity were checked visually. We used the
type III ANOVA to compute analyses of variance tables and per-
formed the posthoc test emmeans from the R-package emmeans
version 1.10.2 (Lenth 2024) for the main factors when p <0.05.

ANOVA was also employed to compare models describing D./D
and k, with ¢ for the different tillage treatments and soil depths.
The goodness of fit of the models was assessed using the AIC
(Akaike information criterion) command in R. The perfor-
mances were further evaluated based on R? and RMSE.

3 | Results

3.1 | Ranges of Topsoil Bulk Properties and Gas
Transport Characteristics for the Different Sites

The estimated mean values of the soil bulk properties and pore
conductivity characteristics varied significantly among loca-
tions (Table 3, see also Figure S3). For example, the highest

| Analysis of variance of the soil bulk and soil pore conductivity characteristics. Significant differences in plain font (i.e., not underlined and bold) are overruled by an interaction effect.
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degree of compactness (DC) was observed at the Lithuanian site
(97%), whereas the other sites were characterised by a degree of
compactness of between 89% (Swedish site) and 85% (Spanish
site). The air-filled pore volume (¢,) at —100hPa matric poten-
tial ranged from 0.14 to 0.23m3>m™3 across sites. The WFPS at
—100hPa matric potential (WFPS_, ) ranged from 56% to 70%
across sites, with the Danish site having the lowest value and the
Dutch site the highest (p <0.0001).

The relative gas diffusivity (D/D,) at —100hPa matric potential
ranged from <0.02 at the Lithuanian and Dutch sites to >0.03
at the Swedish and Danish sites. The specific gas diffusivity
(SD) ranged from around 0.08 at the French, Lithuanian, and
Spanish sites to around 0.16 at the Danish, Swiss, and Swedish
sites. Darcian air permeability (k) was significantly lower at the
Spanish and Lithuanian sites (8.31 and 14.3 um?, respectively) and
highest at the Swedish site (202.0um?). The ratio of apparent to
Darcian air permeability (ratio R) showed a nearly inverted order
of sites, with the lowest ratio R at the Swedish and Swiss sites (0.38
and 0.41, respectively) and the highest at the Lithuanian (0.67)
and Spanish (0.78) sites. The average effective pore diameter
ranged from 189 to 230 um at the Spanish and Lithuanian sites to
506 to 521 um at the Swiss and Swedish sites, respectively.

3.2 | Tillage Practice Impact on Topsoil Bulk
Properties

Tillage practice significantly affected the degree of compactness
and total pore volume (o) across soil depths and experimental
sites (Table 3). The degree of compactness was higher in the
no-till than in the ploughed treatments (p =0.003), while total
pore volume was highest in the ploughed treatments (p =0.008)
(Figure 1). The interaction of tillage practice and soil depth
significantly affected ¢, and WFSP at each matric potential
(Table 3). The ¢, was highest and WFPS lowest in the ploughed
0-0.10m soil layer (p<0.001), with no significant differences
between the other combinations of tillage practice and soil
depth (Figure 1).

Differences in the bulk properties between the two soil lay-
ers, across tillage practices, varied between sites (Table 3, see
also Figure S3). At the Swedish site, the degree of compact-
ness and WFPS were lower (Figure 2) whilst the total pore
volume was higher in the 0-0.10m than in the 0.10-0.20m
soil layer (p<0.001). At the French site, the degree of com-
pactness and total pore volume showed the same differences
(both p<0.003), but WFPS did not differ between soil layers
(Figure 2, with p=0.059 for WFPS_, ). The total pore vol-
ume was also largest in the 0-0.10 m soil layer at the Danish
(p=0.016) and Lithuanian (p=0.004) sites. For the latter,
WFEPS_., and WFPS_,  were lowest in the 0-0.10 m soil layer
(p=0.020 and 0.009, respectively).

3.3 | Tillage Practice Impacts on Topsoil Gas
Transport Characteristics

The interaction of tillage practice and soil depth significantly
affected D /D, across locations (p=0.035) (Table 3). The D /D,
was highest in the ploughed 0-0.10m soil layer (p <0.009)

(Figure 3). No significant differences were found between the
other combinations of tillage and depth, although D_/D_ was
noticeably higher in the no-till 0-0.10m than in the no-till
0.10-0.20m soil layer (p=0.056). Despite the overall effect,
D /D, varied between tillage and depth at some sites as in-
dicated by the interaction effects (Table 3, Figure 4 top). The
D /D, was higher in the ploughed than in the no-till treatment
at the Danish (p =0.003) and French (p=0.031) sites and was
higher in the 0-0.10m than in the 0.10-0.20m soil layer at
the Swedish (p<0.001) and French (p <0.001) sites (see also
Figure S3).

The specific diffusivity was higher in the 0-0.10 m than in the
0.10-0.20m soil layer (p <0.001) with no difference between
tillage practices (Table 3, Figure 3). The k, was higher in the
ploughed than in the no-till treatment at the Lithuanian site
(p<0.001), and near-significant differences were found at
the Swedish and French sites (Figure 4, bottom). The k, was
higher in the 0-0.10m than in the 0.10-0.20m soil layer at
the Swedish, Dutch, and French sites, while the opposite was
found at the Spanish site. The ratio R was higher in the no-till
than in the ploughed treatment at the Lithuanian (p <0.001)
and French (p=0.038) sites, higher in the 0.10-0.20m than
in the 0-0.10m soil layer at the Dutch (p =0.021) and French
(p=0.112) sites, and higher in the 0-0.10m than in the
0.10-0.20m soil layer at the Spanish site (p =0.045) (see also
Figure S3).

The effect of the interaction of tillage practice and soil depth on
average effective pore diameter varied between sites (p =0.045)
(Table 3). The post hoc analyses revealed a larger average ef-
fective pore diameter in the no-till 0-0.10m soil layer than in
the ploughed 0-0.10m soil layer at the Swedish site (634 and
397 um, respectively, p=0.016). No differences in average effec-
tive pore diameter were found between any of the combinations
of tillage and depth at the other sites (p>0.065). The signifi-
cant interaction between tillage and site across soil depths was
evidenced by the larger average effective pore diameter in the
ploughed (294um) than in the no-till treatment (165um) at
the Lithuanian site (p =0.022), in addition to an effect at the
Swedish site (Table 3).

3.4 | Modelling Gas Transport Characteristics
Across the Pedoclimatic Gradient

The fitting of D /D, and the volume of air-filled pores
with an equivalent diameter >30um (e,_,. SOMm) using the
macroporosity-dependent (MPD) model by Moldrup et al. (2000)
resulted in a significantly different model for the 0-0.10m than
the 0.10-0.20m soil layer (p=0.032) and indicated a stronger
increase in D /D, with €40 >30um in the 0-0.10m than in the
0.10-0.20m soil layer (Table 4). However, the relationship be-
tween D/D ande,_, . 5 um Was better described in the 0-0.10m
soil layer than in the 0.10-0.20m soil layer (R>=0.70 and 0.44,
respectively), and the difference in AIC values of these depth-
specific MPD models was substantial, with the MPD model
based on all being the best performing (Table 4). With the MPD
model, ¢, explained 59% of the variance of D /D, across tillage
practice, depths, and site. The water-induced linear reduction

(WLR) model by Marshall (1959) performed poorest, with an
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FIGURE1 | Soil bulk properties across sites (N=28 per treatment X depth). Boxplots display the median (central line), interquartile range (IQR,
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variance). The data per location (mean and standard deviation, N=4) are visualised in Figure S3.

AIC difference of 569 and R? of 0.48. The simplest model in-
cluded, based on Buckingham (1904), performed second-best
with an AIC difference of 29. This model predicted a lower
DyD, for a given ¢, . 4, than the MPD model up to an
€4 o»30um Value of around 0.22m’m™* and a higher D//D be-
yond this level (Figure 5). Despite an acceptable overall model
fit, the models overpredicted D/D, at the French site and un-
derpredicted D /D at the Swiss and Swedish sites in both tillage
treatments (Figure 5).

The k,, measured at —100hPa matric potential, was better de-
scribed by £, at —=30hPa (¢,_, . o, um) than at —100hPa matric
potential (R?=0.30 and 0.14, and AIC=172 and 197, respec-
tively) (Figure 6, p<0.001). While €4 0>100um explained more
of the variation of k, in the 0-0.10m than in the 0.10-0.20m

soil layer, no significant differences in coefficients were found
between the two soil layers (p =0.763).

4 | Discussion

4.1 | Tillage-Induced Differences in Topsoil
Structure Across a Pedoclimatic Gradient

The relative gas diffusivity (D/D,) and specific diffusivity
(SD) indicated differences in the pore functionality between
the mouldboard ploughed and no-till soils. The absence of a
significant tillage effect on SD in combination with the inter-
action effect of tillage and depth on D/D_ (Table 3) indicates
that the tortuosity of the vertical pores was greater or that the
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volume of marginal pores that interact with the diffusion pro-
cess was smaller in the 0-0.10m soil layer in the no-till than in
the ploughed treatments (Schjenning et al. 2013b).

The ploughed soils exhibited clear vertical stratification of the
soil physical characteristics within the top 0.2m, with a more
aerated 0-0.10m than 0.10-0.20m soil layer (Table 3, Figures 1
and 3). Vertical stratification of soil structural characteristics in
ploughed soils has been reported considering topsoil and subsoil
(Martinez et al. 2016; Schliiter et al. 2018), yet the results of this
study imply that the stratification also occurs within the topsoil
where it may affect the functionality of a soil, that is, promote
soil processes different from a non-stratified topsoil. This is indi-
cated, for example, by the D/D_, above and below the common
thresholds for oxic soil conditions and aerobic microbial activ-
ity of 0.005-0.02 for the ploughed 0-0.10m and 0.10-0.20m soil
layers (Schjenning et al. 2003; Stepniewski 1981), respectively
(Figure 3).

The vertical stratification within the ploughed soils is an expected
result of soil structural development including slumping or set-
tlement following ploughing that was greater in the 0.10-0.20m
than in the 0-0.10m soil layer. During soil settlement, the bulk
density increases and the pore size distribution shifts from
larger to smaller pores, and differences in characteristics of top-
soils under ploughed and no-till practices diminish over time
(Geris et al. 2021; Kreiselmeier et al. 2019; Talukder et al. 2022),
which are also the case in this study. The soil settlement in the
0.10-0.20m layer may be greater due to compaction from the
mass of the 0-0.10m soil layer. Moreover, the 0.10-0.20m soil
layer is less exposed to changes in temperature and moisture that
stimulate swell-shrink dynamics in soils with active clays than
in the 0-0.10m layer. Considering that long-term no-till soils
are relatively stable throughout the seasons (Geris et al. 2021;
Schwen et al. 2011; Wardak et al. 2022), greater differences in
the soil characteristics between the two tillage practices are to be
expected earlier in the season, closer to mouldboard ploughing.

Despite the natural consolidation and the field management-
induced consolidation during the growing season, part of the
aeration associated with the ploughing persisted after the grow-
ing season. These results support the observations from individ-
ual long-term tillage experiments where greater topsoil porosity,
air permeability, and/or gas diffusivity were reported under
ploughed than under no-till practices for at least 6 months after
tillage (Abdollahi and Munkholm 2017; Martinez et al. 2016;
Schliiter et al. 2018; Talukder et al. 2022).

4.2 | Variation Between Sites and Consequences
for Model Estimations

Differences in soil structural characteristics between sites,
that is, a significant site effect (Table 3), were expected. The
effect of site was generally larger than the effects of tillage
practice and sampling depth (Figure S3). The site effects may
be related to the impact of soil texture and soil organic matter
content on soil structure formation and stabilisation (Bronick
and Lal 2005). For example, the Danish site's coarse texture
has a much higher relative gas diffusivity than the sites with
a higher clay content, such as the Dutch, Spanish, and French
sites (Figure 4). However, soil texture and soil organic matter
content alone do not explain all the site effects observed in
this study; the degree of compactness differed significantly
between sites despite being normalised for the clay and soil or-
ganic matter content. Moreover, the absolute highest and low-
est D/D_ values were found for the two sandiest sites (i.e., the
Danish and the Lithuanian sites). These results highlight the
effect of other factors such as soil compaction, crop rotation,
clay mineralogy, chemical composition of the soil organic mat-
ter, climate, and biological activity on soil structure (Bronick
and Lal 2005; Bryk et al. 2017; Six et al. 2004a).

Some locations were not consistent with the general observed ef-
fect of tillage practice as indicated by the interaction effects of site
with tillage treatment and with sampling depth (Table 3). Thus,
there are both significant and generalisable impacts of tillage
practices but also local deviations. This was also shown by the
models describing the soil gas transport capacity if we consider
that D/D_ and Darcian air permeability (k,) generally increased
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p-values are given per site.

with ¢, (Buckingham 1904; Moldrup et al. 2000), while sites with
greater ¢, values did not necessarily have higher D/D, and k  val-
ues (Figures 5 and 6).

The best-performing models did not differentiate between tillage
practices and soil depths. These models explained more of the

variation of D /D, and k, in the 0-0.10m than in the 0.10-0.20m
soil layer (Figures 5 and 6). While the models performed com-
parably well for both tillage practices in the 0-0.10m soil layer,
in the 0.10-0.20m soil layer, more of the variation of D/D,
was explained in the ploughed than in the no-till treatment.
Although these results may seem to contradict the significant
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AAIC

Model performance
RMSE AIC

RZ

Coefficients
0.10-0.20m a

Soil depth

0-0.10m

No-till

Tillage

Ploughed

Model

TABLE 4 | Regression models for the prediction of relative gas diffusivity (D/D ) from the air-filled pore volume (¢ ) at —100hPa matric potential.

vertical stratification observed in the ploughed treatments, they

R 2 9 2 e 2 5 may simply indicate that other pore characteristics besides ¢,
- o - o such as pore connectivity, pore continuity, and pore orientation,
can contribute considerably to D/D_ and k, in the 0.10-0.20m
2 2 @ 9 | n o on x® soil layer. These characteristics may also explain the deviations
T T T A of the measured D/D_ and k, from the model predictions men-
tioned above.
22285 32 88¢
g 5 28 8 8 g g 8 Modelling k, accurately is generally challenging because k, var-
© © o ©o ©o e o o ies greatly in response to changes in the soil structure. However,
k, is an important regulator of soil aeration and has been found
A3 32 8 T R I to be a key driver of the N,O diffusion ratio in compacted soils
S S S o © &8 o S

(Pulido-Moncada et al. 2024). Previous studies have found k, to
be a function of the air-filled macropores rather than total air-
filled pore volume due to its dependency on the dimensions of
the widest pores (Ball 1981b; Martinez et al. 2016). Our results
indicate that ¢, explained more of the variation of the k, mea-
sured at —100hPa matric potential when limited to >100um
pores (i.e., the equivalent of the ¢, at —30hPa matric potential,
R?=30%) than for >30um pores (i.e., the equivalent of ¢, at
—100hPa matric potential, R?>=14%).

na
0.10%**

2.30%**
2.34%%x
2.23%%k
2.74%%%
na
3.7
1.58%%*
1.26%*

Further examination of the soil pore characteristics reveals
that the over- and underestimations of k, (Figure 6) were for
cases (i.e., tillage or depth per site) where k, was classified as
very slow and very fast, respectively (Figure 4). Moreover, the
overestimations were for cases with a high ratio R and small
average effective pore diameter (deff) (Figure S3). The opposite
observations were made for the underestimations, which were
characterised by a low ratio R and large average effective pore
diameter (Figure S3). This indicates that model estimations of
k, might improve by accounting for pore turbulence or effective
pore diameter.

na
0.36*
0.19
p>0.05; RMSE, root mean square error.

4.3 | Consequences for Soil Functioning

The bulk characteristics of this study indicate that the top-
soil structure under both ploughing and no-till may provide a
suitable environment for root growth. Both tillage treatments
fulfilled the suggested minimum requirement of 10%-15% air-
filled pore volume (¢,) for sufficient aeration from a plant pro-
duction point of view (e.g., Dexter 1988; Grable and Siemer 1968;
Wesseling and van Wijk 1957), as extrapolated from Figure 1
(see also Figure S3). Moreover, the degree of compactness (DC)
in the 0-0.10m layer was generally within the optimal degree
of compactness range for different crops (including potato
(Solanum tuberosum L.), oilseed rape (Brassica species) and
small-grain cereals) of 82%-87% (Hékansson and Lipiec 2000).
In the 0.10-0.20m soil layer, the average degree of compact-
ness of the ploughed and no-till soils exceeded 90%, indicating
restricted root growth conditions. Root growth is an important
aspect of soil-C-sequestration, as root-derived C is found to be
more stable than C derived from aboveground plant residues
(Kditterer et al. 2011; Mattila and Vihanto 2024).

=)

qla Sl

206,3+0.040¢,
aeel4cee
a a

0

S qls

Dy

After a precipitation event, water infiltration might be greater
in the ploughed than in the no-till soils due to the greater vol-
ume of drainable pores in the 0-0.10 m soil layer, as indicated by
the larger ¢ at relatively wet soil conditions (i.e., at > —100hPa
matric potential) (Figure 1). By contrast, the reduced ¢, in the

Buckingham (1904)
WLR, Marshall (1959)
MPD—Moldrup et al. (2000)

Best fit

Note: The x in the columns Tillage and Soil depth indicates which subset of data was used to extract the coefficients for a given model when the model coefficients differed significantly (p <0.05) between tillage treatments or soil

depths. The models in bold are presented in Figure 5.
Abbreviations: AIC, Akaike Information Criterion; AAIC, AIC-difference with best performing model; na, not estimated; ns

#kp <0.001.
D <0.01.
*p<0.05
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FIGURES5 | Relative gas diffusivity (D,/D,) related to the air-filled pore volume (¢,) at =100 hPa matric potential, that is, when pores >30um are
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). The marked area at D,/D,=0.005-0.020 reflects the critical range for oxic soil conditions (e.g., Schjenning et al. 2003). The solid

line shows the fitted macroporosity-dependent model (MPD) by Moldrup et al. (2000): Dy /D, = b » £,% + c » €, with a=na, b=3.11***, and ¢ =0.10***,
while the dashed line shows the fitted model by Buckingham (1904): D, / D, = &,® with b=2.30*** (highlighted in bold in Table 4).
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FIGURE 6 | Darcian air permeability (k,) related to the air-filled pore volume of pores >100um (g

that is, air-filled at —30hPa matric

a—0>100um’

potential). Solid lines show the fitted linear regression loglO(ka) =M+N-. loglO(,sa_e > 100 ym), with M=4.181 and N=2.445.

ploughed 0.10-0.20 m layer indicates a discontinuity of the pore
system within the upper soil layer of the ploughed soil, meaning
that water percolation could decrease or cease with soil depth
(Logsdon 1995). Poor drainage capacity in wet conditions causes
a poor air-water balance, hence soil aeration, and leads to higher
denitrification rates. According to a screening by Butterbach-
Bahl et al. (2013), N,O emissions have their optimum in soils
with a water-filled pore space (WFPS) of more than 80%. This
level was only sporadically exceeded in the soils in this study
(Figure S3), with average values at the —30hPa matric potential
ranging from 68.1% to 74.8% for the combinations of tillage and
soil depth. However, Pulido-Moncada et al. (2022) conducted a
review and found that in compacted soils, WFPS is not a general
predictor of N,O emissions. The authors concluded that the effect
of WFPS must interact with other soil properties. Nevertheless,
the levels of D/D_ in the 0.10-0.20m soil layer (D/D =0.019,

with a median of 0.016, Figures 3 and 4) indicate that poor aer-
ation may be a problem for coarse-textured soils when consid-
ering 0.02 as a critical D /D level (Schjenning et al. 2003), even
at the —100 hPa matric potential. In the 0-0.10m layer, aeration
was generally good in the ploughed soils (D,/D,=0.032, with a
median of 0.027) and tended to be more limited in the no-till
soils (D/D_=0.032, with a median of 0.019).

Knowing that D/D_ will decrease further at larger soil water
contents, it is expected to reach a critically low level earlier
during times of wetting under no-till than under ploughed
practices. Furthermore, under no-till practices, D/D, is likely
to remain below critically low levels for a longer period during
drying, due to the effect of the pore size distributions and ge-
ometry on the infiltration, percolation, and retention of water.
Such low rates of D/D_ may lead to increased N,O emissions,
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particularly when other soil conditions, such as temperature,
pH, nitrate content, and unstable C-availability, are favourable
(O'Neill et al. 2020; Rochette 2008). Low D/D, values may also
stimulate complete denitrification, which results in the reduc-
tion of N,O to N, (Balaine et al. 2016), but this depends on pore
connectivity, soil depths, and time and distance of gas transport
as well as on the microbial community present.

5 | Conclusion

The results of this study showed that differences in the soil
structural characteristics and their importance for the func-
tionality of long-term ploughed and no-till soils were detectable
across a pedoclimatic gradient (sandy loam, loam, silty loam,
and silty clay soils). Yet, despite the significant and generalisable
impacts of tillage practices, we also observed local deviations.
The 0-0.10m ploughed soil layer displayed the largest air-filled
porosity, greatest relative gas diffusivity, and least water-filled
pore space, implying the lowest risk of anaerobic soil processes.
The 0.10-0.20m layers of both tillage treatments displayed prop-
erties similar to the 0-0.10m layer in the no-till soils. Larger
differences may be expected earlier in the season. Thus, our re-
sults indicate that there is a greater risk of poor soil aeration in
the upper 0.20m soil layer under no-till than under ploughing,
which increases the risk of N,O emissions.
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